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Abstract 
The preservation of cells for electron microscopy by 
chemical fixation is a lengthy process, requiring up to 30 
minutes for cytoplasmic stabilisation. This time lag 
enables many changes to occur in specimens so that they 
may not reflect their living state when they are observed 
in electron microscopes. Many artefacts can be avoided 
by using cryofixation, which freezes specimens over a 
period that is measured in milliseconds, so that speci-
mens are preserved by cryoimmobilisation. This time 
resolution can be used to study rapid processes in biolo-
gy and chemistry because, although electron microscopes 
cannot observe dynamic cellular events directly, proc-
esses can be arrested after known time intervals so that 
transient stages are preserved and a series of time-lapse 
steps is acquired. Some experiments have involved 
freezing specimens which were maintained in controlled 
states and others have shown results after stimulation 
where structural differences are seen between one milli-
second and the next. The experimental techniques that 
have been applied prior to freezing are electrical and 
chemical stimulation, electrophoresis, chemical relaxa-
tion after a temperature jump, electroporation, which is 
analogous to relaxation after applying a radio frequency 
electrical field, and flash photolysis methods. This re-
view describes the origins and application of time-re-
solved freezing, which integrates electron microscopy 
with dynamic biochemical, physiological, and ultra-
structural events. 
Key Words: Time-resolved cryofixation, cryo-immobi-
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Introduction 
Cryofixation offers many advantages over chemical 
fixation for biological specimens in electron microscopy 
(EM). Chemical fixation is normally followed by dehy-
dration with solvents and either resin embedment for 
transmission electron microscopy (TEM) or critical point 
drying for scanning electron microscopy (SEM). These 
processes cause artefacts in the specimen including low-
ered blood or hydrostatic pressure, and changes in os-
motic, electrolyte, pH, and enzymatic conditions (Bone 
and Denton, 1971; Bone and Ryan, 1972; Hayat, 1981). 
The induced leakiness of the cell membranes leads to the 
loss of sugars, amino acids, proteins and up to 95 % of 
the diffusible ions (Morgan, 1980; Coetzee and van der 
Merwe, 1984). These factors will modify gross mor-
phology, ultrastructure, the distribution of chemical 
elements, and the results of immunological studies where 
the target molecules are either modified or masked by 
fixation cross linkages (Van Harreveld et al., 1965; 
Boyde et al., 1977; Hillman and Deutsch, 1978; Mona-
ghan and Robertson, 1990; Bittermann et al., 1992; Nott 
et al., 1993). More recently, chemical fixation has been 
observed to cause translocation of organelles in fungal 
hyphae (Kaminskyj et al., 1992), decondensation of 
chromosomes in dinoflagellate nuclei (Kellenberger et 
al., 1992), and morphological changes in the arrange-
ment of leaf structure and symbiotic bacteria (Klein et 
al., 1992). 
Another factor which mitigates against chemical 
fixation is that it is slow. Mersey and McCully (1978) 
monitored the fixation front through plant hair cells and 
reported that while penetration rates with aldehydes were 
85 to 140 µmlmin, the average times for cytoplasmic 
immobilisation could be 15 minutes in glutaraldehyde 
and 30 minutes in formaldehyde. The pleomorphic can-
alicular system, which is a dominant feature of the cells, 
was totally disrupted by fixation so that it was not identi-
fiable in sections. Long, normally straight cilia in Oona 
intestinalis, a marine Tunicate, were seen to develop 
complex terminal discoidal structures during 10 minutes 
exposure to glutaraldehyde (Bone et al., 1982). Ape-
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riod of 10 minutes was also reported to be necessary to 
halt cellular processes in nectar-secreting plant hair cells 
(Robards, 1984). Clearly, time lags of this magnitude 
enable many structural and chemical alterations to occur 
to the detriment of specimen integrity, both structural 
and chemical, before it is finally 'preserved', and this is 
prior to the use of solvents which are used in biochemis-
try specifically to extract components (Vogel, 1948). 
The net result is that the specimens, which are observed 
in electron microscopes following chemical processing, 
are often highly modified from their in vivo state. 
Many of the drawbacks of chemical processing can 
be overcome by rapid freezing: early uses for EM were 
made by Richards et al. (1943), Stephenson (1956), and 
Van Harreveld and Crowell (1964). Cryofixation entails 
cooling the specimen so rapidly that it is preserved in a 
frozen, near life-like state, over a very short time pe-
riod. Robards (1984) calculated that trichome hair tip 
cells couid be immobilised in iess than 1 ms and Echlin 
(1991a) calculated that to freeze a piece of tissue to a 
depth of 10 µm, at a cooling rate of 40k°C/s, would 
take 0.5 ms. Clearly, these freezing times, i.e., the 
time required to 'fix' a specimen by solidifying it, can 
be a million times faster than for chemical preservation. 
Cryofixation is often performed on specimens which 
are isolated, mounted on some form of support, and then 
frozen. This approach, providing precautions are taken 
to minimise specimen perturbation, can give true vitrifi-
cation of the specimen, where no ice microcrystal for-
mation, i.e., crystals too small to be visualised in the 
electron microscope or following freeze-substitution, can 
be detected by electron diffraction (Dubochet and 
McDowall, 1981; Dubochet et al., 1982, 1988; 
McDowall et al., 1983; Michel et al., 1991). However, 
the technique is potentially more powerful: the speed of 
cryofixation means that it can arrest fast, dynamic cel-
lular processes. Echlin (1991a) noted that the average 
time for physiological events is 1-5 ms and that the 
movement of electrolytes in cytoplasm is approximately 
0.2 µmlms, although in pure water it may be 10 times 
faster. Plattner (1989) gives more detail about the range 
of dynamic processes, ranging from very fast (0.1 ms 
during some exocytosis processes) to very slow (such as 
cell division). The shortest time for freezing, i.e., solid-
ification, to occur at any one location in a specimen has 
been calculated to be 250 µs (Jones, 1984); therefore, if 
biologists use cryofixation in experimental situations then 
they have the potential to freeze specimens either under 
defined conditions or to capture specific moments of fast 
events. 
Time-resolved cryofixation can be defined as the ar-
rest of fast processes at timed intervals so that transient 
intermediate stages can be observed and fast processes 
thereby analysed. The components of the fast reactions 
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can be chemicals, biochemicals, or biological specimens 
in combination with a chemical or an electrical stimulus. 
The method overlaps fields of biology, physiology and 
biochemistry. This review describes the origins and 
principles of different rapid arrest techniques and re-
views their application in biological EM: it shows the 
possibilities of marrying the temporal resolution of dy-
namic biochemical and physiological methods with the 
spatial resolution of EM. The subject is considered 
from the viewpoint of the different freezing methods and 
their specializations, so that they are described 
separately and more or less chronologically. 
The Origins of Rapid Arrest Experiments 
Rapid chemical and biochemical reactions and dy-
namic processes in cells involving a chemical stimulus 
can be followed by various methods following rapid 
mixing: these involve some type of flow process which 
can be monitored. The flow methods originated in phys-
iology and biochemistry, and two methods, the quenched 
flow method and the stopped flow method, have been 
used in EM. The quenched flow method has been used 
with both chemical and cryogenic quenching. 
Continuous flow method 
The observation of rapid biochemical processes 
originated with Hartridge and Roughton (1923a,b) and 
Roughton (1964), who monitored the binding of oxygen 
and carbon monoxide to blood at sites along an observa-
tion tube through which the reactants flowed continuous-
ly; the method did not arrest the reaction (Fig. la). The 
method was improved by Millikan (1936) to study half-
reaction times down to 0.5 ms and was reviewed by 
Roughton and Chance (1963) and Gutfreund (1969). 
Holzwarth (1979) introduced further improvements to 
measure half-lives down to 10 µs. The observation of 
rapid reactions by flow methods is now common bio-
chemical practice: Jones and Gear (1988) used the con-
tinuous flow method to study the blood platelet reaction 
along different lengths of flow tube in response to 
aggregation inducers. The quenched flow method, using 
both chemical and cryogenic quenchants, has also been 
applied to this work (Gear, 1982; Gear and Burke, 
1982; Geanacopoulos and Gear, 1988). 
Stopped flow method 
Stopped flow involves passing rapidly mixed compo-
nents into a flow tube, stopping the flow, and continu-
ously monitoring the reaction at one observation point 
(Fig. lb). The method was used by Stewart and Edlund 
( 1923) to observe gas reactions and was improved by 
Chance (1951) and Gibson and Milnes (1964), who in-
troduced the mechanical stop, and reviewed by Gibson 
(1969). Stopped flow was used by Pollard et al. (1990), 
a 
Time-resolved cryofixation methods 
b C 
continuous flow stopped flow quenched flow 
: : >:::==t =t=:=t 
>I --3 A~ 
~----,--8-~~=t== 
2 3 4 
single point measurements 
(in real time) 
continuous measurement 
(in real time) 
single point measurements of 
quenched/frozen specimens 
time time time 
Figure 1. Flow methods used in studying fast reactions, where chemicals or cells and stimulating agents can be rapidly 
mixed, reacted, and monitored; showing schematics (above) and results (below). (a) Continuous flow: a reaction is 
monitored at various observation points along the reaction tube. (b) Stopped flow: reactants are rapidly mixed, flowed 
into a reaction tube, stopped, and monitored at a single observation point during ageing of the reaction. (c) Quenched 
flow: reactants are rapidly mixed and flowed along reaction tubes of different lengths before the reaction is quenched, 
either chemically or cryogenically. 
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who aged mixtures of actin filaments and myosin sub-
fragments in a flow cell and then froze them with a jet 
of coolant (see Jet freezing below). 
Quenched flow method (chemical quenchant) 
The arrest of dynamic processes by chemical 
quenching was used by Faurholt (1924) who used di-
methylamine to quench the formation of carbonic anhy-
dride in carbon dioxide-loaded buffers. Quenching can 
be achieved by squirting the output from a reaction tube 
into the chemical quenchant (Fig. le). One of the most 
important features in any flow apparatus is the design of 
mixing chambers, so that mixing occurs instantaneously; 
this is important in situations where synchronisation of 
experimentally induced events is desired and where the 
yield of transient stages is to be optimised. Improve-
ments to the method were described by Lymn et al. 
(1971), Froelich et al. (1976), and Ballou (1983). 
Chemical quenching was used by Gear (1982) to study 
blood platelet aggregation: quenching can also be effect-
ed by rapid freezing (Geanacopoulos and Gear, 1988). 
Early cryogenic arrest of rapid biological processes 
Rapid processes have been arrested in physiological 
and biochemical experiments by cryogenic quenching 
since the work of Fleckenstein et al. (1954) and 
Mommaerts (1954); the method was described in more 
detail by Mommaerts and Schilling (1964). The work 
involved the electrical stimulation of muscle which was 
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then frozen under defined conditions, so that biochemical 
intermediates could be extracted for analysis. Propane 
or isopentane were used as the coolants in these experi-
ments, with Freon 22 being advocated by Cain and 
Davies (1964). 
Freezing Methods 
The basic freezing methods which can be applied to 
EM specimens are summarised in Figure 2. They are: 
(a) plunging, where a specimen is immersed into a cryo-
genic fluid, (b) slamming, where a specimen is impacted 
against a metal cryoblock, ( c) jet freezing, where coolant 
is streamed from a jet onto a specimen, and (d) spray 
freezing, where small specimens are sprayed as micro-
droplets into a liquid coolant. The latter is a specialised 
form of plunge freezing. High pressure freezing, a spe-
cialised form of jet freezing, is a more effective method 
for obtaining greater depth of good preservation in a 
specimen, but at present it has not been used for time 
resolved cryofixation over very short time intervals be-
cause of the delay in inserting the specimen into the de-
vice, although it might be used for experiments where 
events occur many seconds apart. Jet freezing actually 
originated out of high pressure freezing in 1972, when 
the originators wanted to distinguish between the benefits 
of high pressure and fast streaming cryogen (Martin 
Miiller, personal communication). 
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Figure 2. Rapid freezing methods. (a) Plunge freezing: the specimen is rapidly immersed in a liquid coolant such as 
propane or ethane. (b) Slam freezing: the specimen is frozen by contact with a metal block which is cooled by liquid 
nitrogen or liquid helium. (c) Jet freezing: the specimen is cooled by a jet of coolant impinging upon it, normally a 
double-jet system is used. (d) Spray freezing: small specimens in a liquid medium are sprayed as microdroplets into 
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Figure 3. Principles of time-resolved freezing. (a) The 
specimen is stimulated, electrically or chemically, by a 
timing circuit which can incorporate a delay before the 
specimen is frozen after a measured time interval; this 
is common in slam and plunge freezing methods. Tim-
ing can be measured by a feedback indicator. (b) The 
specimen is stimulated whilst travelling towards a cool-
ant; this is normal in quenched and stopped flow freez-
ing methods and can be used in plunge and slam freez-
ing. Timing depends on the measurement of distance 
travelled after stimulation and flow or plunge velocity. 
The Timing of Cryofixation 
In order to know the time steps in time-resolved 
cryofixation experiments, it is normally necessary to 
know (1) the moment that the reaction is initiated, either 
by mixing components or by applying a stimulus, (2) the 
velocity or flow rate of the specimen towards the cool-
ant, and (3) the distance travelled to the cooling medi-
um. These principles are illustrated in Figure 3. In a 
stopped flow experiment, the moment of initiation or 
mixing and the time that elapses before freezing must be 
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known. Clearly, for the ultimate time resolution, the 
stimulus application or mixing of components should be 
instantaneous, and so should the process of freezing. 
There are many practical considerations with regard to 
these aspects, not least concerning the freezing of speci-
mens. Jones (1984) considered the uncertainties of 
freezing times, and calculated that it may take up to 0.5 
ms for a specimen to make full contact with a cryoblock 
and the error with a liquid coolant may be ± 0.5 ms be-
cause of uncertainty regarding the precise level of the 
coolant. A further error arises in freeze fracture studies 
due to the indeterminate and varying nature of the depth 
of the fracture. For example, it may vary ± 5 µm at a 
fracture depth of 10 µm, so that freezing times within 
the fracture depth will further vary by as much as ± 0.5 
ms. Devices for the accurate timing control were de-
scribed by Pollard et al. (1990), and Nassar and 
Sommer (1992). 
Cryofixation of 
ExperimentaJly Defined Dynamic Events 
Spray freezing method (Quenched flow method using 
cryogenic quenchant) 
The first cryogenic approach to arresting rapid 
events using quenched flow was described by Bray 
(1961), for the study of subsecond chemical reactions in-
volving xanthidine oxidase. The reaction product was 
squirted originally into hexane at -80°C, although iso-
pentane at -140°C was used later (Bray, 1964). The 
timing of these reactions was based on mixing effi-
ciency, the flow velocity, and the length of the reaction 
path into the quenchant. 
Rand et al. (1985) studied the dynamic morphology 










Figure 4. Rapid mixing and freezing of lipid vesicles 
and fusogen solution to study the behaviour of calcium-
induced bi/multilayer contact diaphragms. Time resolu-
tion depended on flow rate and time of flight. Redrawn 
from Rand et al. (1985) by permission of the authors, 
the Biophysical Society, and Rockefeller Univ. Press. 
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of calcium-induced interactions between phosphatidyl-
serine vesicles using the spray freezing method, which 
was introduced by Bachmann and Schmitt (1971), as a 
quenched flow method (Fig. 4). Freezing was accom-
plished in a series of time steps down to approximately 
100 ms after rapid mixing of vesicles and fusogen; re-
sults were shown for the 100 ms and 30 s stages. Large 
unilamellar and giant complex vesicles were used and 
transition stages of fusion showed the formation of mem-
brane diaphragms and vesicle collapse which resulted in 
the formation of multilamellar stacks. The report also 
noted that some aspects of the observed reactions might 
be artificial and may not occur in cells. 
Geanacopoulos and Gear (1988) used spray freezing 
over intervals of 0.3-5.0 s to investigate blood platelet 
aggregation. Two syringes, one containing platelet-rich 
plasma and the other containing inducer, were rapidly 
mixed, aged, and sprayed as an atomised mist into liquid 
propane coolant. The reaction time was calculated by 
dividing the internal volume of the 12.25 cm reaction 
tube into the flow rate through the syringes. The reac-
tion time was varied by changing the flow rate; it ex-
cluded the mixing time, which was less than 0.1 s, and 
the droplet flight time during the 4 cm travel into the 
coolant, which was approximately 50 ms. Other calcu-
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Figure 5. Quenched flow spray freezing method for the 
study of rapid membrane fusion events in intact cells. 
(a) Paramecium cells were mixed with aminoethyl-dex-
tran secretagogue to stimulate the rapid exocytosis of 
trichocysts. Timing was controlled by measuring flow 
rates and using different lengths of reaction tube which 
defined the ageing of the reaction. (b) Control test for 
the method: the rate of reaction was followed by moni-
toring color change indicated by bromophenolblue which 
was added as 0.02 % to the two reactants. Colored fro-
zen powder was obtained, varying from yellow to blue, 
which was analysed photometrically and compared with 
results from defined buffers. The intercept with the 
time axis indicates a total dead time of 20 ms. Modified 
from Knoll et al. (1991) by permission of the Rocke-
feller University Press. 
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Figure 6. Ballistic cryofixation method: a biopsy needle 
sampled cardiac muscle tissue at a defined moment after 
electrical stimulation. The needle was propelled by a 
controlled explosion and impacted the end wall of the 
collection vessel. Tissue fragments fell into liquid pro-
pane for freezing by immersion. Time resolution was 
controlled by a delay circuit. Redrawn from Monroe et 
al. (1968) by permission of the authors and Academic 
Press, Orlando, FL. 
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rate, shear stress for a given plasma viscosity, and a 
Reynolds number which indicated that laminar flow oc-
curred rather than turbulent motion. The temperature of 
the flow apparatus was maintained at 37°C in a warm 
chamber. The report concluded that the method did not 
induce artefacts in control samples and that it was a 
useful experimental approach. 
Knoll et al. (1991) investigated the exocytosis of 
trichocysts in Paramecium after rapid mixing with 
aminoethyldextran as the secretagogue. The cells and 
reactant were pushed through cylinders by pistons which 
were operated by a pneumatic ram with a hydraulic 
speed limiter, the linearity of movement during sampling 
was also recorded (Fig. Sa). The speed of each experi-
ment was determined by a light bar system. The appa-
ratus used a home-made twin vortex mixer with a vol-
ume of 7 µI; its efficiency was confirmed by observing 
the colour change of bromophenol blue, which was 
added to both acid and base, on mixing with a high pH 
buffer so as to observe the dehydration of carbonic acid 
(Fig. Sb), this followed the method of Bray (1961) 
which incorporated that of Dalziel (1953) who described 
the kinetics of this well-defined kinetic model. The 
point of the test is that the brutto time, which includes 
the flight and freezing times, is measured, i.e., the time 
of interest, which is clearly better than making calcula-
tions. After mixing, the sample passed through a varia-
ble length reaction tube which defined the reaction time. 
Finally, the specimens passed through a sieve plate 
which produced continuous streams 100 µmin diameter 
which then passed at about 3 mis into the coolant. The 
flow rate was kept constant for all experimental varia-
tions and the specimen velocity into the coolant was 
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Figure 7. Time-resolved cryo-hammer slam freezing 
method for muscle under electrical stimulation. Two 
liquidnitrogen-chilledhammers simultaneously contacted 
muscle tissue moments after a saline bath was withdrawn 
downwards. One of the hammers incorporated five 
specimen pins so that specimens were frozen directly 
onto supports for cryoultramicrotomy. The physiologi-
cal state of the muscle was monitored by tension record-
ing. Redrawn from Sjostrom et al. (1973) by permis-
sion from the authors and Elsevier Science Publishers. 
governed by the defined number of 100 µm diameter 
holes drilled in the sieve plate. The shortest reaction 
time was obtained with the sieve plate screwed directly 
on to the base of the mixing chamber. The freezing sys-
tem was modified (Knoll et al., 1992a) and used in other 
reports from the same group (Hahne-Zell et al., 1992; 
Knoll et al., 1992b, 1993). Rapid events were also 
studied by this group (Knoll et al., 1992c) using pulse 
chase and chemical quenching. 
Ballistic cryofixation method 
An interesting attempt at preserving steps in a rapid 
process for observation by EM was conducted by 
Monroe et al. (1968). In this experiment, a living heart 
undergoing electrical stimulation was sampled in a de-
fined physiological condition for ultrastructural study by 
a flying biopsy needle. The needle was accelerated to a 
velocity of 400 mis from the breech mechanism of a 
modified 30-06 military rifle using 0.144 g of gunpow-
der. It sampled the heart muscle whilst travelling to a 
collecting vessel which contained liquid propane; the tis-
sue bits were extruded from the needle when it struck 
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Figure 8. Time-resolved slam freezing method used for 
modelling the freezing process and for ultrastructural 
analysis of synaptic transmission events at the neuro-
muscular junction. Timing is controlled by electrical 
circuitry which stimulates the specimen while it is de-
scending towards the cryoblock (see also Fig. 10). The 
method can be used in conjunction with X-ray micro-
analysis for investigating diffusible ion concentrations in 
specimens. Redrawn from Heuser et al. (1979) by per-
mission of the authors and Rockefeller University Press. 
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the end wall of the vessel (Fig. 6). Collection and re-
lease of the sample occurred in less than a millisecond. 
While the method worked regarding collection and deliv-
ery of samples, there were problems of mechanical 
stress which may have affected the ultrastructural 
results. 
Slam (impact) freezing methods 
Synchronised double cryohammer method: Sjostrom 
et al. (1973) and Sjostrom (1980) described a novel 
approach to freezing chemically untreated muscle of 
physiologically defined functional state, so as to measure 
the distribution of diffusible ions by X-ray microanaly-
sis. The living muscle fibers were maintained in a 
saline bath between a force transducer and a micrometer 
screw while electrical stimulation was performed to ob-
tain length-tension diagrams. At a defined moment, a 
pneumatic system was triggered, the bath was lowered, 
and the muscle fiber was frozen between two opposing 
liquid nitrogen-chilled hammers (Fig. 7). The method 
of freezing between two cold metal blocks was intro-
duced by Eranko (1954) and refined by Hagler and Buja 
(1984) and Hagler et al. (1989). 
A reverse-action version of the Sjostrom et al. 
(1973) double slammer method has been described by 
Bennett and Elliott (1989); in this method two copper 
blocks are maintained in liquid nitrogen and shoot up-
wards to close around muscle tissue undergoing stimula-
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tion and tension measurement (the blocks were vacuum 
annealed after polishing to remove stains which would 
lower the thermal conductivity). The method found dif-
ferences in the distribution of filaments between the 
relaxed, rigor, actively contracting and 'catch' states of 
the muscle. 
The more conventional method of freezing speci-
mens with cold metal blocks is to drop them, or acceler-
ate them, downwards onto the normally copper or silver 
block, although the process can be reversed, with the 
cryoblock falling onto the specimen (see example below, 
Edelmann, 1989). 
Van Harreveld and Crowell (1964) introduced the 
slam freezing method. Van Harreveld et al. (1974) used 
a LN2-cooled silver block to measure thermal conductiv-
ity in freezing specimens and to study ultrastructure in 
relaxed and electrically stimulated muscle. The first ex-
periment monitored changing resistance in a constantan 
wire which fell through a 2 cm cold gas layer at 1 mis. 
This chilled by 6. 7 ° C and after comparing the thermal 
characteristics with brain tissue, it was concluded that 
the surface layer of biological specimens would precool 
by 8.4 °C. The second experiment investigated the 
freezing time at the surface of an agar specimen, based 
on its non-conducting property when frozen compared to 
its finite resistance when not frozen. The impedance of 
a thin hydrated layer specimen increases as freezing 
progresses and can be measured with a suitable alternat-
ing current. An electrical circuit was completed be-
tween the silver cryoblock and an aluminium electrode 
at the base of the specimen when the specimen touched 
the block: freezing of the specimen surface produced an 
open circuit condition in 0.28 ms. The third experiment 
studied freezing times at the base of specimens of differ-
ent thicknesses by measuring the signal between a silver 
and an aluminium electrode located at the base of agar 
specimens. The freezing times at 5 and 10 µ.m were 
computed as being 4 .1 and 8. 3 ms respectively. The re-
port also illustrated skeletal muscle in relaxed and con-
tracted states, the latter being induced by electrical stim-
ulation. Van Harreveld et al. (1965), Van Harreveld 
and Trubatch (1974), and Van Harreveld and Fifkova 
(1975) presented some important results from cryofixa-
tion by the slamming method concerning the amount of 
extracellular space in brain tissue, thus enabling cor-
relation between anatomical and physiological results. 
Van Harreveld and Trubatch (1979) followed the 
progression of fusion during rapid freezing, based again 
on the large difference between the dielectric constants 
of water (E = 80) and ice (E = 2). The specimens were 
50-100 µ.m-thick slices of gelatine and formed a parallel 
plate capacitor between the cryoblock and a brass elec-
trode which was located at the base of the specimen. A 
current was passed and the voltage drop across a resistor 
















Figure 9. (a) Nerve and muscle preparation used in 
time-resolved slam freezing, the specimen is mounted on 
a foam support with a silicone lens interposed for freeze 
substitution purposes (a metal support would be inter-
posed for freeze fracture specimens). The small square 
at the medial edge indicates the area where sections were 
made. (b) The upper trace is the record of light passing 
through a window in the plunger shaft; the rising phase 
triggers the stimulator and the downward deflection is 
arranged to indicate the moment of impact with the cryo-
block. The lower trace shows the 200 µ,s stimulus. The 
traces show a sub-millisecond time resolution. (c) The 
time between stimulation and the rise of endplate poten-
tials at the lateral and medial edges show a transmission 
time of 1 ms. Redrawn from Torri-Tarelli et al. (1985) 
by permission of the authors and Rockefeller University 
Press. 
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was measured. The thickness of the frozen layer was 
shown to be function of the reciprocal of the current and 
this enabled the progression of the freezing front to be 
plotted. The report concluded that the surface layer (10-
15 µ,m thick) of specimens froze in about 5 ms. 
Heuser et al. (1979) monitored temperature, resist-
ance, and capacitance in muscle which formed the di-
electric of a capacitor between an aluminium support and 
a copper cryoblock which was cooled either by liquid 
nitrogen (LN2) or by liquid helium (LHe), as shown in 
Figure 8. When the block was at LN 2 temperature 
(-196°C), the resistive current flowed for about 1.5 ms 
before being cut off by the freezing of the surface layer 
of the specimen. This compared to about 1 ms when the 
block was at LHe temperature (-269°C). With LN 2 
cooling, the capacitance of the muscle fell halfway to its 
plateau in about 4 ms compared to the 2 ms when LHe 
was used, thus showing that the LHe-cooled copper 
block cooled the specimen twice as fast as the LN2-
cooled block. Theoretical considerations showed that 
copper, when maintained at LHe temperature, would 
give very poor cooling; in practice, the temperature of 
the specimen/block interface jumps to about -253°C, at 
which point the interplay of thermal conductivity and 
heat capacity properties produce much better cooling 
performance. Similar considerations ruled out silver as 
a metal coolant. The main purpose of the study was to 
obtain correlation of neurotransmitter release with synap-
tic vesicle exocytosis and to then quantify the process; 
this was effected by using 4-aminopyridine to increase 
the number of transmitter quanta which were discharged 
with each nerve impulse. The number of exocytotic 
openings captured by quick-freezing and freeze fracture 
increased commensurately, indicating that one vesicle 
underwent exocytosis for each quantum that was dis-
charged. The time resolution of the system was 2 ms or 
better: this was adjudged by the resting appearance of an 
active zone 3 ms after electrical stimulation and the ap-
pearance of exocytotic stomata in an active zone 5 ms 
after stimulation. 
Heuser and Reese (1981) continued this work by in-
vestigating the fate of synaptic vesicle membrane after 
fusion with the plasmalemma. They concluded that it 
generally coalesced with the cell membrane and that in-
corporated large intramembrane particles, which were 
left behind in the plasmalemma, dispersed into the sur-
rounding membrane by 225 ms after stimulation. Al-
though the data in this report stopped after 1 s following 
stimulation, reference was made to their earlier reports 
that within a few seconds the large particles reaggre-
gated over what were probably clathrin-coated pits and 
were internalised and recycled by coated vesicles. 
Membrane was also retrieved by the pinching-off of 
large vesicles within a few milliseconds of stimulation. 
Time-resolved cryofixation methods 
Chandler and Heuser (1980) arrested membrane fu-
sion events using slam freezing and freeze fracture: rat 
peritoneal cells were stimulated with a histamine-releas-
ing agent which caused exocytosis of cell granules. 
Cells were placed on filter paper, dipped into saline 
which contained the stimulant, and then frozen at 10-30 
s intervals. Unstimulated cells showed rounded granules 
separated from the cell membrane by cytoplasm. Exo-
cytosis began with the formation of a small neck con-
necting the granule to the cell membrane; this then de-
veloped into a larger pore through which degranulation 
proceeded. The face of the granule membrane towards 
the granule contents showed few intramembrane particles 
(IMP's) and continued to do so after fusion with the cell 
membrane. The face of the granule membrane towards 
the protoplasm showed many IMP's. Later in the. proc-
ess, compound exocytosis occurred, where other gran-
ules fused with already fused ones thus secreting through 
the same exocytotic opening. 
Omberg and Reese (1981) studied exocytosis in 
horseshoe crab (Limulus) amebocytes by mixing cells 
with cytochalasin B by a rapid flow method: mixed 
drops from syringes containing the cells and stimulus 
were collected on filter paper and frozen after 1-15 s. 
Exocytosis began within seconds after the cell membrane 
formed small invaginations towards the underlaying 
granules; these were believed to relate to cytoplasmic fil-
aments which previously connected the two membranes. 
A pore then formed through which rapid dissolution of 
granule contents occurred. 
Sommer et al. (1983, 1984, 1988), Sommer (1985), 
Nassar et al. (1986), Ingram et al. (1989), and 
LeFurgey et al. (1992) all used the LHe-cooled copper 
block freezing method of Heuser et al. (1979), to study 
skeletal muscle which could be frozen after known de-
lays following electrical stimulation. Nassar et al. 
(1986) described a method of obtaining results from 
cryosections, freeze fractures, and freeze substitution, all 
from the same single muscle fiber. The report described 
morphological differences between frozen and chemical-
ly fixed specimens regarding the appearance of junction-
al granules in both free and junctional sarcoplasmic 
reticulum which may have reflected cation-loaded versus 
cation-depleted states. This suggested that time-depend-
ent cation-induced structural arrangements were pre-
served. Morphological differences were also seen in 
specimens that were frozen at different post-stimulation 
time intervals, particularly with those frozen in tetanus. 
This work offers the opportunity to follow the propaga-
tion of excitation along the transverse tubules and the 
microchemical events that occur during excitation-con-
traction coupling: given the finite propagation velocity of 
the excitatory wave, elemental displacements can be put 
on a time scale in a single fiber by cutting cryosections 
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down its length. The reports by Ingram et al. (1989) 
and LeFurgey et al. (1992) concentrate on digital quanti-
tative X-ray microanalysis of muscle fibers at rest and in 
tetanus, the latter report also contained results from 
nasal epithelium and kidney cells. 
Torri-Tarelli et al. (1985) investigated the temporal 
coincidence between synaptic vesicle fusion and quantal 
secretion of .neurotransmitter in frog neuromuscular 
junctions, using a LHe-cooled copper block in a Reichert 
Cryoblock mounted in a Reichert Cryofract (Fig. 9). 
The specimens were frozen between 1 and 10 ms after 
a single electrical stimulus, with the result that vesicle-
axolemma fusion appeared later than 2 ms, at 2.5 ms, 
and this, taken with other indicators, showed that quantal 
fusion release coincides with vesicle fusion. Temporal 
resolution was better than 1 ms. 
Tsukita and Yano (1986) froze glycerinated muscle 
under isotonic contraction at maximum shortening veloc-
ity, as well as in the rigor, relaxation and isometric con-
traction states, using the RF-10 Eiko LHe-cooled copper 
block device. The slammer head housed a servo motor 
for tensioning the muscle and an integrated tension 
gauge which monitored muscle tension and length up to 
the moment of freezing. The specimens were freeze 
substituted and examined by optical diffraction, revealing 
distinct patterns for each defined physiological state. In 
relaxed muscles, 143, 215, and 429 A axial reflections 
were identified, whereas in rigor 143 and 377 A reflec-
tions were present: the 143 A reflection represents the 
myosin subunit repeat and the 377 A represents the 
crossover repeat of the actin filament helix, the latter 
was dominant in rigor. There was no difference be-
tween the patterns from the two forms of contraction: 
143 and 377 A reflections were present in both, with the 
143 A signal being dominant. The results supported 
earlier X-ray diffraction findings from living muscle by 
Huxley et al. (1981, 1982). The report concluded that 
the myosin heads were arranged at 143 A repeats along 
the actin filaments during muscle contraction. 
Padron et al. (1988) froze muscles at known instants 
during contraction with simultaneous recording of me-
chanical tension (Fig. 10a), similarly to Tsukita and 
Yano (1986) but with many records being presented 
which illustrated tension twitches interrupted at chosen 
times by rapid freezing (Fig. 10b). They used the com-
mercially available Med-Vac Cryopress which used LHe 
as the primary coolant but modified both the cooling 
blocks and the specimen heads to accommodate the small 
tension transducer and spring connectors for the stimu-
lating electrodes. This excellent report makes some can-
did comments about the quality of freezing of the mus-
cle, which could be good to a depth of 20 µm but which 
was frequently less, and the reproducibility of freezing 
quality, which was affected by the thickness of saline 
K.P. Ryan and G. Knoll 
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Figure 10. (a) Experimental setup for time-resolved slam freezing of muscle specimens undergoing electrical stimula-
tion-tension experiments to investigate cross-bridge structural intermediates, using similar apparatus to Figure 8. (b) 
Freezing during a single twitch; the first panel shows the complete normal twitch and the second panel shows it inter-
rupted by freezing. The lower trace in each shows the 2.5 ms stimulus. (c) Records showing freezing of single 
twitches before, during, and after maximal contraction. (d) Records showing freezing at different stages of tetanus. 
Vertical scale: 8 mN. Time scales: (b) 20 ms (c) 50 ms (d) 400 ms. Modified from Padron et al. (1988) by permission 
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Figure 11. Falling cryoblock to give metal mirror 
freezing of resting or stimulated muscle; synchronisation 
of electrical stimulation and freezing can be combined 
with measurement of tension development in the muscle 
at the moment of freezing. The device is arranged so 
that the anticontamination cover is automatically re-
moved while the cryoblock descends towards the speci-
men. Modified with permission from Edelmann (1989). 
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and connective tissue covering the specimen. For single 
twitches, the muscle was stimulated with a single stimu-
lus lasting approximately 2.5 ms which produced a 
twitch which lasted a total of about 65 ms but which 
peaked over a much shorter time. The muscle fibers 
froze over a 2 ms period and it was possible to program 
freezing to occur during the rising phase, peak, or fall-
ing phase of this single twitch. The results, described in 
detail by Padr6n and Craig (1989), showed preservation 
of the helical arrangement of cross-bridges on the thick 
filaments which is known to occur from X-ray diffrac-
tion studies but which is not preserved by chemical fixa-
tion. An extensive review of structural and functional 
correlates of neuromuscular synaptic transmission was 
presented by Rash et al. (1988). 
Another muscle study was described by Edelmann 
(1989), who used a novel design of falling copper block 
to freeze electrically stimulated specimens (Fig. 11). 
The block was filled with liquid nitrogen and, whilst 
falling, triggered a stimulator. The potassium ions in 
some of the muscle specimens were replaced with heavi-
er, electron dense caesium and thalium ions. After an 
extended period of freeze substitution (8 days), embed-
Time-resolved cryofixation methods 
ding at low temperatures and sectioning without flotation 
on water, it was found that muscles frozen in tetanus 
showed A-band shortening of about 20% and a redistri-
bution of the main cellular cation (Cs+ or Tl+) when 
compared to the subcellular cation distribution in resting 
muscle. It was concluded that this was a valid protocol 
for studying ion localisation, providing that sections 
were not cut onto water. 
Morgenstern and Edelmann (1989) used a LNr 
cooled copper mirror to freeze exocytosis events in stim-
ulated blood platelets. The specimens were freeze sub-
stituted and studied by serial sectioning. Characteristic 
membrane blebs which were seen at fusion sites with 
chemical fixation were absent in cryofixed specimens. 
The time intervals in the study were quite long: results 
were illustrated after 20, 35, 150, and 180 s stimulation 
prior to freezing. The general findings were that these-
cretory-granules became elongated and then apposed to 
the cell membrane. The apposed granule and cell mem-
branes then fuse and induce sequential fusion to form 
compound granules. 
Fujioka et al. (1990) studied membrane fusion 
events during endocytosis in mouse kidney tubule cells, 
using LN 2-cooled copper block slam freezing and freeze 
substitution. They simply froze specimens 10 minutes 
after injecting horse radish peroxidase and found that 
extensive membrane appositions and pentalaminar struc-
tures, which have been seen in chemically fixed speci-
mens, did not occur. Membrane fusion was described 
as occurring under an invagination of the cell mem-
brane, through a small pore which enlarged possibly 
with the involvement of cytoplasmic filaments. 
Funatsu et al. (1993) used flash photolysis of F1-1-
(2-nitrophenyl)ethyl ester of ATP (caged ATP) as an aid 
to study the behaviour of myosin Sl heads with actin 
(Fig. 12a). The ropelike double helix of actin, fully 
decorated with myosin and characteristic of rigor, dis-
integrated until about 35 ms after photolysis, then, after 
200 ms and depletion of ATP, the double helix re-
formed. The 200 joule ultra-violet (UV) flash was de-
livered from a xenon tube and had a half-time of 0.3 
ms; it was triggered during the free fall of the specimen 
towards the liquid helium-cooled copper block. Oscil-
loscope traces were recorded to show the timing between 
the flash and freezing (Fig. 12b). In previous attempts 
to understand the actomyosin mechanism using EM, 
high concentrations of Sl were used because Sl binds 
quite weakly to actin; this gives an excess of free Sl and 
a possible depletion of ATP which can interfere with ob-
servations. The flash caused an abrupt increase in the 
concentration of ATP and specimens were frozen 15, 
35, 40, 65, 80, 100, and 200 ms after photolysis. The 
results showed a difference between the angles of at-
tachment of strongly and weakly bound myosin heads. 
269 
















Figure U. Time-resolved slam freezing of specimens 
after release of caged compounds by flash photolysis us-
ing ultra-violet light. (a) The flash passed through a 
flexible liquid light guide and was timed from a sensor 
during the descent of the specimen to the cryoblock. 
The reflector was automatically removed just prior to 
specimen impact. (b) Records of the timing of the flash 
(arrow, lower trace) and the capacity of the specimen 
water (arrowhead, upper trace), showing impact at 18 
ms after the flash. Modified with permission from 
Funatsu et al. (1993). 
Severs et al. (1993) used a falling cryoblock, simi-
lar to Edelmann (1989), to freeze beating heart (as well 
as using plunge freezing for sandwiched specimens). In 
this report, the authors simply froze naturally beating 
hearts to study the differences in the morphology of the 
gap junction connexons (transmembrane channels which 























Figure 13. Time-resolved reverse plunge freezing of 
specimens undergoing electrophoresis, by which the lat-
eral diffusion coefficient of intramembrane particles 
(integral proteins) in the mitochondrial inner membrane 
was determined. (a) Membrane microsuspension droplet 
on freeze fracture specimen holder with Ag/ AgCl wire 
electrodes. The expected electric field is shown by the 
vectors; freeze fracture was performed near the upper 
surface where the vectors are parallel. (b) The appara-
tus for freezing specimens at known time intervals fol-
lowing termination of electrical stimulation. Redrawn 
from Sowers and Hackenbrock (1981) by permission of 
the authors and Rockefeller University Press. 
can enable direct cell-to-cell communication) frozen by 
slamming as compared to that seen after plunge freezing 
and in chemically fixed specimens. The in situ slam-
ming was designed to avoid excision-related artefacts. 
The review paper also describes immunofluorescent and 
confocal laser scanning microscopy study of the muscle 
and gives an extended bibliography of the related gap 
junction literature. 
Cryo-needle freezing methods 
Cryo-needle freezing is a variation of the slamming 
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method in that the specimen is frozen by contact with a 
cold solid. Methods were described by Chang et al. 
(1980), where a pistol shot a liquid nitrogen-cooled biop-
sy needle into a specimen and automatically retracted the 
sample, by von Zglinicki et al. (1986), where a liquid 
propane-cooled needle was stabbed manually into a spec-
imen, and a pneumatically-operated cryo-punch by 
Zierold (1993). These devices were designed for in situ 
freezing, where specimens were minimally perturbed 
prior to freezing; they have not yet been used in time 
resolved freezing although they might be used in experi-
ments where time is measured. The same applies to the 
cryo-snapper described by Hagler et al. (1989). 
Plunge freezing methods 
Electrophoresis, the movement of colloidal particles 
in a fluid under the influence of an electric field, was 
used by Sowers and Hackenbrock (1981) to investigate 
the rate of lateral diffusion of intramembrane particles 
(IMPs), using a method in which protein migration could 
be followed ultrastructurally at the resolution of proteins 
themselves; the method was reviewed in detail by 
Sowers (1988). A droplet containing purified mitochon-
drial inner membranes was placed on a gold freeze frac-
ture holder and held in a current clamp by passing a cur-
rent of, e.g., 30-60 µ.A between oriented electrodes 
which were arranged to produce field vectors near-paral-
lel to the freeze fracture plane (Fig. 13a). The current 
pulse was suddenly terminated and the specimens then 
frozen at defined times by the upward movement of a 
propane bath (Fig. 13b). Specimens frozen immediately 
after the current stopped always showed a single parti-
cle-rich patch on the membrane towards the positive 
electrode, the remaining membrane area was normally 
devoid of particles: specimens frozen 2 s after the 
current stopped always showed a concentration gradient 
which was not seen more than 10 s after the current 
flow stopped. The diffusion coefficient of the IMPs was 
determined to be 8.3 x 10-10 cm2/s at 20°C, from which 
a root-mean-square displacement of 57 nm in 10 ms was 
predicted. The principle of applying electric fields and 
pulses to cells was described further by Sowers (1989) 
and Chernomordik and Sowers ( 1991) so as to produce 
electrofusion, where cells are induced to fuse artificially 
to produce giant cells. 
Both electrical and chemical stimulation were used 
to trigger sea anemone nematocyst discharge by Gupta 
and Hall (1984) in an electron probe X-ray microanaly-
sis study of ionic fluxes. The specimens were mounted 
on copper pins and injected mechanically into Freon-13. 
Chemical stimulation was induced in Anthopleura ele-
gantissima by touching nematocyst-containing acrorhagi 
(which are only stimulated by contact with foreign An-
thozoans) with column tissue from an allogeneic clone. 






piston (40 ms to 
open valve and rise) 
Figure 14. Time-resolved reverse plunge freezing appa-
ratus for freezing muscle undergoing electrical stimula-
tion and tension recording. The figure shows an inter-
mediate moment after the saline bath is removed from 
the specimen and prior to the raising of the propane. 
Modified from Wendt-Gallitelli and Walburg (1984) by 
permission of the authors and of Wiley-Liss. 
The study did not involve accurate timing experiments 
but captured nematocysts in different stages of discharge 
for cryosectioning. The various stages showed different 
ionic concentrations and the most striking fmding was 
that the capsule fluid in undischarged nematocysts con-
tained 600 mmol kg-1 wet weight of Ca. This was very 
high compared to the 10-20 mmol found in the seawater, 
nematocyst cytoplasm and in immature nematocysts and 
emphasised the role of calcium in the osmotic discharge 
of the nematocysts. 
Wendt-Gallitelli and Walburg (1984) used a reverse 
version of plunge cooling where liquid propane was 
raised up around electrically stimulated heart muscle at 
defined times in the systole/diastole contraction cycle 
while the tension generated was measured by a force 
transducer. This was achieved by maintaining the mus-
cle in a saline bath while experiments were carried out 
and then removing the bath just prior to triggering a 
final stimulus. A variable delay was built onto the stim-
ulus to trigger a pneumatic device that shot the cryogen 
container upwards so as to immerse the muscle (Fig. 
14). The stimulating electrodes were formed by a steel 
hook which was attached to the force transducer and a 
cryomicrotome pin, to which the muscle became frozen, 
ready for cryosectioning for X-ray microanalysis. The 
results showed that quantitation was possible for the 
various physiological elements down to a few mmol kg-1 
dry weight. Wendt-Gallitelli and Isenberg (1989a,b) 
used the same freezing method on cardiac myocytes dur-
ing voltage-clamp pulses and correlated X-ray micro-
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Figure 15. Membrane currents from an isolated myo-
cyte receiving 0.2 s long pulses applied at 0.5 Hz. (a) 
Normal current before freezing. (b) Current record dur-
ing freezing; the phases during lateral movement of the 
microscope/saline bath/cooling apparatus and vertical 
movement of the coolant are indicated. Contact was 
made with the coolant at 116 ms, as is indicated by the 
current artefact. Redrawn from Wendt-Gallitelli and 
Isenberg (1989a) by permission of the authors and 
Springer Verlag, Heidelberg. 
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inward current. Cell membrane depolarisation was 
monitored by measuring membrane currents under volt-
age clamp conditions so that the specimen could be 
plunge frozen at a defmed moment of the Ca2+ inward 
current, e.g., after 100 ms, which corresponds to the 
peak of contraction (Fig. 15). The underlying mecha-
nism of the process is that, as depolarisation occurs, 
Ca2+ flows into the muscle cell through Ca2+ channels 
and boosts the release of internal Ca2+ stores and acti-
vates contraction. There is a correlation, although not 
necessarily as indicated: in skeletal muscle, there is also 
Ca2+ release from sarcoplasmic reticulum (and contrac-
tion) without external Ca2+ (Armstrong et al., 1972); 
the controversy today is if there is a chemical transducer 
[see arguments in Vergara et al. (1987) and Jaimovitch 
(1991), or to the contrary in Somlyo et al. (1987)] or a 
kind of mechanical transducer via the foot structures 
connecting DHP-sensitive receptor (voltage sensor and 
Ca2+ channel in sarcolemma) and ryanodine-sensitive 
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Ca2+ channel in the sarcoplasmic reticulum (Dulhunty, 
1992; Ohkusa, 1991). The aim of the work was to 
measure ion shifts using electron probe microanalysis: 
myocytes were sucked with a patch-clamp pipette and 
mounted onto a thin piloform film on a holder, where 
they were subjected to normal physiological monitoring. 
Clamp pulses of + 5 m V started from a holding potential 
of -45 mV and lasted for either 0.2 s or 1 s. At the 
chosen moment, the microscope and specimen chamber 
which mounted on a sliding table were shifted sideways 
by a pneumatic ram, moving the necessary 35 mm in 
105 ms; the coolant started to rise 40 ms before the 
table came to rest and 13 ms later the specimen con-
tacted the coolant. This movement did not disturb the 
specimen patch clamp records. The results from freeze 
dried cryosections showed that Ca2+ in the cytoplasm 
(as measured on the A-band) was zero in stabilised myo-
cytes; after short pulses (0.2 s) when myocytes were 
frozen at peak contraction, Ca2+ was analysed at 0.5 
mmoles/kg dry weight. This is equivalent to 125 
µmoles/kg wet weight when the patch clamp records in-
dicated that 546 µmoles/ kg wet weight were anticipated. 
The conclusion was suggested that the balance of this 
Ca2+ had loaded the Ca2+ stores in the sarcoplasmic 
reticulum. Some important· points were made in this 
report concerning the conversion of measured dry weight 
concentrations to wet weight concentrations and the fact 
that different cell components contain different water 
concentrations in the living state. 
Sornlyo et al. (1985) studied calcium and magnesi-
um movements across sarcoplasmic reticulum in post-te-
tanic muscle using reverse plunging, where supercooled 
Freon 22 was raised up around the specimen at high 
speed. The intervals between the last electrical stimulus 
and contact with the coolant were 0.6, 1.3, 2.3, 4.6, and 
300 s. A main finding was that the half-time of the re-
turn of the total 1 mmol of Ca2+ /liter of cytoplasmic 
water which was released during tetanus was 1.1 s and 
that the return of Mg2+ was significantly slower. 
Moravec and Bond (1991) used a computerised de-
velopment of the original reverse plunge approach of 
Sornlyo et al. (1981), to study the release of calcium 
from the junctional sarcoplasmic reticulum (JSR) and its 
regulation by mitochondria during cardiac muscle con-
traction. Muscles were frozen during relaxation or at 
peak rate of tension rise ( +dT/dt). The coolant was 
liquid ethane and freezing could be programmed to oc-
cur following the last stimulus with a time resolution of 
10 ms. Results were obtained which (i) confirmed Ca2+ 
was released from the JSR and (ii) showed that the Ca2+ 
content of the mitochondria was a function of the con-
tractile state. 
Garcia-Segura et al. (1986) used isopentane, later 













Figure 16. (a) Time-resolved plunge freezing of Torpe-
do electrogenic tissue, where several specimens were 
mounted on the same apparatus and frozen following se-
quential electrical stimulation so that a whole time series 
of effects could be studied together. Timing of contact 
with the coolant was done by monitoring the electrical 
response of one specimen in each run. The effect of 
stimulation was potentiated using 4-aminopyridine ( 4-
AP). (b) Record from a specimen frozen 600 ms after 
stimulation, the giant discharge and the rebound effect 
due to 4-AP are indicated. Redrawn from Garcia-
Segura et al. (1986) by permission of Pergamon Press. 
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was treated with 4-aminopyridine; this increased the du-
ration of neurotransmitter release during a single poten-
tial following electrical stimulation. The experimental 
setup was innovative: the freezing head of the apparatus 
held a number of specimens which were sequentially 
stimulated with a single 40 mA 0.09 ms stimulus at pre-
selected time intervals, then the set of specimens were 
plunge frozen together (Fig. 16a). To explore the whole 
discharge cycle, the stimuli were arranged over a 30 ms 
period. The electrical response of one specimen in each 
run was recorded so as to determine the precise time of 
contact with the coolant (Fig. 16b). Also, thermocou-
ples were embedded in some specimens and thermal re-
cords made so that, by modelling, precise freezing times 
could be calculated. The extrapolated freezing time to 
a depth of 10 µm was 0.3-0.4 ms. The effects of differ-
ent drug treatments were shown as electrical traces. 
Transient intramembrane particles (!MPs), larger than 
10 nm, appeared on the protoplasmic and external faces 
Time-resolved cryofixation methods 
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Figure 17. (a) Time-resolved plunge freezing of speci-
mens following a temperature-jump from a controlled 
environment vitrification system (CEVS). On-grid lipid 
specimens were heated to different temperatures which 
varied their ultrastructure following exposure for differ-
ent times to a xenon lamp. (b) Thermal record from a 
specimen exposed for 450 ms, which caused a tempera-
ture jump to 59°C. Modified from Chestnut et al. 
(1992) by permission of Wiley-Liss. 
of the presynaptic membrane within 2 ms of applying 
the stimulus, corresponding with the onset of the rising 
phase of the potential, which started at 3 ms. After dis-
charge, their size distribution and density returned to 
control values about 600 ms after stimulation. The same 
group (Muller et al., 1987) froze physiologically equili-
brated Torpedo electric organ prisms at 1 ms intervals 
before, during, and after electrically stimulating a single 
nerve impulse, without using 4-aminopyridine to potenti-
ate transmitter release as in earlier studies (e.g., Heuser 
et al., 1979; Torri-Tarelli et al., 1985; Garcia-Segura et 
al., 1986). This meant that neurotransmission was a 
very brief event. Although the specimens were plunge 
frozen, and this attracts criticism regarding precision of 
timing of freezing, temporal resolution was assured by 
a thermocouple at specimen level to determine the time 
of impact with the coolant, as with Garcia-Segura et al. 
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(1986) above. Approximately 1 ms after stimulation, a 
population of large IMPs appeared in the plasmatic and 
external leaflets of the presynaptic plasma membrane for 
an interval of 2-3 ms; large pits representing vesicle 
openings were also found in some cases. The conclu-
sion was that this IMP population was associated with 
the release of acetylcholine neurotransmitter. 
Chestnut et al. (1989, 1992) used a temperature 
jump relaxation method for bare grid cryo-TEM to in-
vestigate structural changes in dimyristoyl phosphatidyl-
choline vesicles and n-docosane films by optical heating 
(Fig. 17a). The grid was prepared by applying the test 
solution in a controlled temperature and humidity cham-
ber. When the system was triggered, timing circuitry 
opened two shutters simultaneously: one exposed the 
specimen to a 75 W xenon lamp, which heated it, and 
the other allowed access to liquid ethane by plunging. 
Examples of temperature jumps were 30, 39 and 59 ° af-
ter exposures of 150, 220 and 450 ms respectively, giv-
ing a heating rate of about 1l0°C/s as measured by a 
copper grid thermocouple (Fig. 17b). Calculations were 
reported which indicated the same heating rate and also 
that the thermal history of the aqueous film should be 
the same as that of the copper grid. Micrographs of the 
vesicles showed that they became rounded at higher tem-
peratures, instead of polygonal; this indicated that the 
specimen was above its chain-melting temperature 
(24 °C) at the moment of freezing. Electron diffracto-
grams from the films showed that heated samples were 
above their melting point of 44 °C. Faster heating may 
be possible by the classical method of discharging a 
capacitor through a specimen which could be mounted 
between metal planchettes for plunge or jet freezing; 
heating would then occur over microseconds. 
Schmitz and Zierold (1989) used chemical stimula-
tion to trigger trichocyst exocytosis in Paramecium, as 
did Zierold et al. (1989) who also used electrical stimu-
lation to trigger nematocyst discharge in Hydra. With 
Paramecium, a droplet containing cells was mounted on 
a planchette and shot through a liquid film which con-
tained the trigger agent (aminoethyl-dextran); trichocysts 
were illustrated as being discharged at between 20 and 
30 ms after stimulation. With Hydra, tentacles were 
mounted on gold planchettes which touched a flexible 
copper foil while plunging in to propane, thus triggering 
a 20 V stimulus; 10 ms after stimulation a range of exo-
cytotic stages were seen. Among other ionic shifts in 
the Hydra, it was found that Na and K levels increased 
in nematocyst components after stimulation, which possi-
bly reflects their role with regard to the high osmotic 
pressure which is believed to be responsible for nemato-
cyst discharge. It should be noted that time-resolved 
cryofixation is rivalled in some fields, such as here, by 
high-speed cinematography. The whole exocytosis of 
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nematocysts from the flip-open of the operculum to com-
plete tubule evagination was recorded over a period of 
3 ms by Holstein and Tardent (1984), who recorded 
40,000 frames per second. The recording of undis-
charged and ejected stylets in the same nematocyst on 
the same film frame was more remarkable, because the 
frame exposure time was less than 10 µs; this could not 
be resolved by rapid freezing according to Jones (1984), 
who calculated that 250 µs are needed to freeze at any 
one point. Zierold (1991) reviewed cryofixation 
methods for electron probe microanalysis. 
Chang and Reese (1990) applied a radio frequency 
(RF) electric field to red blood cell specimens which 
were sandwiched between copper planchettes in order to 
induce electroporation (Fig. 18a). This is the process 
whereby cells are transiently permeabilised so that large 
molecules may enter or leave and it is a promising ap-
proach to the introduction of drugs, proteins or second 
messengers in the study of cellular pathways and anti-
bodies as well as gene transfection (Chu et al., 1987). 
Although the technique is more than twenty years old 
(Neumann and Rosenbeck, 1972), this was the first work 
to show electropores at the ultrastructural level. The 
specimen was mounted in a guillotine device and 
plunged into a mixture of propane and ethane (Fig. 18b ). 
Whilst descending, two sensors functioned to apply the 
pulse at variable times before the specimen reached the 
coolant, these times varied between 1 ms and many min-
utes. The RF pulse was 3 ms wide and oscillated at 100 
kHz with an amplitude of 4-5 kV /cm. Signal leads were 
applied to the planchettes which were separated by an 
insulator and which functioned as the electrodes. Ther-
mocouple and specimen water capacity records showed 
that the specimen froze 3 ms after entering the coolant 
(Fig. 18c). The results showed distinct pore-like open-
ings, up to 120 nm in diameter in freeze fracture repli-
cas, although these may have been deep invaginations 
with smaller openings at their apex. The pores appeared 
as little as 3 ms after the pulse, in which case they were 
20-40 nm across; after 40 ms the pores reached up to 
120 nm in size. The openings resealed after several 
seconds. 
Talman et al. (1990) used a controlled temperature/ 
humidity environmental system for on-the-grid process-
ing, described previously by Bellare et al. (1988). 
Reactions, such as phase changes, could be triggered by 
changes in temperature: dynamic processes could also be 
triggered by controlled evaporation, UV light, or by 
mixing drops of different liquids on the grid. The latter 
approach can change pH, ionic concentration, and salt 
concentration, these being parameters which can lead to 
changes in microstructure in many systems. Results 
were illustrated from liposomal dispersions in which 




















contact coolant 1~ 5 
Figure 18. Time-resolved electroporation of red blood 
cells by applied radio frequency field. (a) The sample 
is held between two freeze fracture copper plates with 
insulating spacers. (b) The plunge freezing apparatus; 
two sensors and a delay circuit enabled freezing between 
1 ms and several minutes after pulsing. (c) Thermal and 
capacitance records, showing that the specimen froze 3 
ms after contacting the coolant. Redrawn from Chang 
and Reese (1990) by permission of the authors, the Bio-
physical Society and Rockefeller University Press. 












Figure 19. Time-resolved plunge freezing following 
flash photolysis. The time delay between the flash and 
freezing was varied by adjusting the height of the lamp 
above the coolant. The flash caused photolytic release 
of caged ATP-substitute in the actin/myosin reaction. 
The fastest reaction time, under gravity fall, was 20 ms. 
The filter absorbed any near-red radiation to ensure that 
the reaction was purely light-induced. Modified from 
Menetret et al. (1991) by permission of Academic Press. 
phases in phospholipid systems were studied, with time 
resolutions between 3 and 6 seconds. A different en-
vironmental chamber was described by Bailey et al. 
(1991). 
Lepault et al. (1990) used time resolved freezing to 
study the polymerisation of G-actin, through conversion 
to a homogeneous population of Mg-F-actin-ATP which 
is the physiological actin species, to F-actin-ADP. 
Polymerisation was induced by increasing the Mg con-
centration to 2 mM or by adding KCl to a 100 mM con-
centration and specimens were vitrified on bare grids 
after intervals from a few seconds to over one hour. 
Muscle tissue was also frozen on a metal mirror either 
relaxed or contracted by electrical stimulation. Optical 
diffraction patterns obtained after cryosubstitution 
showed similarities with X-ray diffraction patterns ob-
tained by Huxley and Brown (1967), showing that the 
substitution process did not induce changes in the muscle 
structure. 
Mandelkow et al. (1991) vitrified microtubule sam-
ples on carbon-filmed grids under controlled temperature 
and humidity conditions so as to follow tubule assembly/ 
disassembly. Growing microtubules assembled tubulin 
subunits and showed various terminal arrangements after 
2.25 minutes, from blunt ends to long protrusions ( > 50 
nm) of protofilaments. Shrinkage, or disassembly, of 
the microtubules was induced by either dilution of the 
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Figure 20. Freezing microscope with horizontal light 
path, mounted on an antivibration frame. An EM grid 
bearing cells grown on a polystyrene film is held with 
forceps and a micromanipulator in a frame for observa-
tion and photography. The instrument is kept in a car-
bogen and water vapour atmosphere and the specimen is 
plunged into cryogen at the chosen moment through an 
opened shutter. Redrawn from Malecki ( 1992) by per-
mission of the author and San Francisco Press. 
buffer, cooling the solution, or by adding Ca2 +, and re-
sulted in coiling of the protofilaments as they disassem-
bled to form coiled tubulin oligomers. Oscillations of a 
phosphocellulose-purified tubulin solution were also 
monitored by turbidity after a temperature jump from 4 
to 37°C; samples were frozen over a period of 9 min-
utes and showed just 24 s between maximal assembly 
and disassembly on the first oscillatory cycle, thus 
showing that a very dynamic system existed under the 
experimental conditions. 
Menetret et al. (1991) used flash photolysis to gen-
erate a large jump in nucleotide substrate (ATP or ATP 
analogues) from photolabile precursors (caged ATP) in 
a bare grid cryo-TEM approach to study the interaction 
of actin and myosin subfragment 1 (Sl heads). The set-
up consisted of a flash lamp which was triggered by a 
falling grid holder which plunged into liquid ethane (Fig. 
19). The time delay between the flash and freezing was 
determined by the distance of the flash light above the 
coolant. The system was simply a gravity-driven guillo-
tine, with a minimum time delay between flashing and 
freezing of 20 ms; a spring accelerated system would 
give shorter reaction times. Because ATP induces very 
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Figure 21. Time-resolved stopped-flow jet freezing of 
the actin/myosin reaction. The reactants were placed in 
two thermostated syringes, driven, rapidly mixed and 
flowed into the flow cell, stopped, aged, and jet frozen. 
The sample was examined after freeze fracture. Modi-
fied from Pollard et al. (1993) by permission of the 
authors, the Biophysical Society, and Rockefeller 
University Press. 
fast detachment of the myosin SI from decorated actin, 
the much slower reacting adenylimidodiphosphate 
(AMP-PNP) was used. It was also chosen because it 
forms an intermediate complex, acto-Sl-AMP-PNP, 
which is thought to be a structural analogue of a state 
which occurs during the cross-bridge cycle. The results 
showed a remarkable transient undulation of the actin 
filaments which was maximal after 30 ms during dissoci-
ation of the SI by the caged AMP-PNP. 
Malecki (1992) described a freezing microscope sys-
tem with a horizontal light path for the study of neoplas-
tic cell motility. Cells were grown on a polystyrene 
film supported by a grid which was mounted into a 
frame and held by forceps, the instrument was maintain-
ed in a carbogen/water vapour atmosphere. Polaroid re-
cordings could be made and the cells could then be cryo-
immobilised a few milliseconds later by plunging into 
melting ethane (Fig. 20). This method employed freeze 
substitution, rehydration, conductive coating and critical 
point drying for the preparation of cryo-whole-mounts 
for both high voltage TEM and low voltage, high resolu-
tion SEM. Further applications were described by Ris 
and Malecki (1993). 
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Jet freezing methods 
A stopped flow method for studying intermediates 
in the actomysin-ATP cycle was used by Pollard et al. 
(1990, 1993), this is where components, actin filaments 
plus ATP (adenosine triphosphatase) in one syringe and 
myosin S 1 heads in a second syringe, are thermostatical-
1 y maintained, rapidly mixed, aged in a flow cell, and 
then frozen (Fig. 21). The dead time for mixing and 
flowing the reactants into the flow cell was 5 ms and the 
freezing occurred between 1 ms and 10 s after that peri-
od. The components to the system are actin and myosin 
and the strongly bound states are actomyosin, actomyo-
sin-ADP, and myosin-ADP complexes; low affinity 
complexes are actomyosin-ATP (adenosine triphosphate), 
actomyosin-ADP with inorganic phosphate, myosin-ADP 
with inorganic phosphate, and myosin-ATP. The study 
focused on the latter two stages, trying to identify 
structural changes that could couple the cycle to the 
generation of force and motion. 
The main finding appeared to be that unloaded, 
weakly bound myosin heads were indistinguishable from 
tightly bound rigor complexes in that the average angle 
of attachment was always about 40° when studied by 
this method. Four possible explanations were given for 
the results: that freezing could induce a common low en-
ergy structure, that subtle structural details could be 
obscured by the replication process, that the use of.sepa-
rated myosin heads may have precluded detection of 
structural details near their distal region, and that the 
important intermediates may be lost because there was 
no mechanical load in the experiments. The conclusion 
was that the problems of replication may mask details 
and that the polarity of the weakly bound heads is uncer-
tain with regard to the actin filament, also that molecular 
motion of myosin sliding along actin may produce force 
by interacting with multiple actin subunits during the 
cycle of ATP hydrolysis. The authors' favoured alterna-
tive was that the junctional area between the head and 
tail portions of the myosin molecule may undergo the 
necessary structural changes to generate muscular force, 
another 16 supporting references were cited (not time-
resolved EM). 
An earlier jet freezing method that froze specimens 
under defined experimental conditions but which did not 
use time resolution, although it might be so adapted, was 
that of Van Venetie et al. (1981). The specimen was 
maintained between planchettes at a chosen temperature 
in a metal block and was ejected to be instantly frozen 
so that temperature dependent phases of lipid systems 
could be preserved. 
Discussion 
The experimental methods described in this review 
Time-resolved cryofixation methods 
offer a variety of approaches to the study of living proc-
esses with a high degree of time resolution, from milli-
seconds to seconds. Clearly, the preparation of speci-
mens such as isolated muscle fibres means that the speci-
men is greatly modified and interfered with, although its 
viability is checked prior to freezing so that meaningful 
results are obtained (Nassar et al., 1986; Sommer et al., 
1988; Ingram et al., 1989; Wendt-Gallitelli and Isen-
berg, 1989a,b). In other studies, the components are 
maintained in thermostatically controlled conditions 
(Pollard et al., 1990, 1993) and others have also con-
trolledhumidity (Chestnut et al., 1989, 1992; Talmon et 
al., 1990; Mandelkow et al., 1991). 
Several experimental techniques have been used in 
rapid freezing experiments: early experimental work in-
volved the slam freezing of muscle which was undergo-
ing electrical stimulation (Sjostrom, 1973; Van Harre-
veld et al., 1974; Heuser et al., 1979). Chemical stimu-
lation, of exocytosis, was employed in rapid mixing and 
spray freezing set-ups which were essentially quenched 
flow methods (Geanacopoulos and Gear, 1988; Knoll et 
al.1991; Hohne-Zell et al., 1992). Another chemical 
flow method which was adapted for rapid freezing was 
the stopped flow method which used jet freezing to ar-
rest stages in the actomyosin-ATP cycle (Pollard et al., 
1990, 1993). Plunge freezing has also been used for 
other on-the-grid experiments, often with environmental 
control of temperature and humidity (Talmon et al., 
1990; Lepault et al., 1990; Mandelkow et al., 1991). 
Plunge freezing has also been used with other bio/chemi-
cal methods: (i) electrophoresis, where two electrodes 
were applied to a droplet specimen prior to reverse 
plunge freezing (Sowers and Hackenbrock, 1981), (ii) 
the temperature jump relaxation method, where lipidic 
vesicles were observed after optical heating and plunge 
freezing (Chestnut et al., 1989, 1992), (iii) electropora-
tion by use of radio frequency electrical fields (Chang 
and Reese, 1990) and (iv) flash photolysis, which has 
been used with both plunge freezing (Menetret et al., 
1991) and slam freezing (Funatsu et al., 1993) to release 
caged ATP compounds to react with actomyosin compo-
nents. 
Each method has special considerations regarding 
the timing of experiments and, in some cases, the mix-
ing of components. Timing is also important if the pre-
cise moment of specimen freezing must be known, be-
cause different depths of a specimen will freeze at slight-
ly different moments. In future, it may be possible that 
the time resolved approach can be applied to in situ 
freezing for ionic analysis, using the triggered cryo-
punch (von Zglinicki et al., 1986; Zierold, 1993) or 
'cryosnapper' (Hagler et al., 1989), thus minimising 
perturbation of the specimen during prefreeze prepara-
tion. 
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Time resolution has been stated earlier to be limited 
by the shortest time for freezing, i.e., solidification, to 
occur at any one location in a specimen and was calcu-
lated to be 250 µs (Jones, 1984). This time of 0.25 ms 
is, however, a great simplification of a very complex sit-
uation: it is a simple calculation based on a cooling rate 
of 4 x 104°C/sec, derived from the results of Escaig 
(1982), and believed to be the cooling rate necessary to 
avoid ice crystal damage. The time was calculated while 
the specimen froze during an assumed temperature drop 
of 10°C during the passing of the freezing front as the 
phase changed from unfrozen to solid. Bald (1986) cal-
culated that to vitrify a 1 µm-thick water film specimen, 
a cooling rate of 3 x 106 °C/sec was necessary; the same 
calculation over a l0°C temperature fall then gives a 
freezing time of only 0.03 ms. The time to freeze the 
specimen at a given location depends on many factors; 
partly on the size and composition of the specimen itself 
and its consequent thermophysical properties with regard 
to potential maximum cooling rate and also on the par-
ticular cooling method employed. The question arises 
also of when is the specimen frozen? Is it frozen at a 
given temperature such as the heterogeneous or homoge-
neous nucleation temperature (-41 °C) or some tempera-
ture between these two, i.e., above the homogenous nu-
cleation temperature? Or perhaps below the glass transi-
tion temperature (Tg), or below the devitrification tem-
perature (T d) in the case of truly vitrified specimens? 
For example, for a 40% glycerol solution Tg = -155°C 
and Td = -145°C (from Fig. 2.14 of Echlin, 1991b). 
The time to freeze at one given location will probably be 
different to the time to freeze at a deeper location be-
cause of the effect of reduced cooling with depth inside 
the specimen; Jones (1984) calculated that the time to 
freeze a depth of 10 µm using a copper block was 0.1 
ms. Baatsen (1993) employed a novel empirical method 
of measuring fresh muscle sarcomere length by laser dif-
fraction and then comparing it with the length after it 
was frozen while stretching at a known velocity; the 
time to freeze at a depth of 10 µm was found to be be-
tween 0.5-1.5 ms. Clearly, the fundamental question of 
time resolution, i.e., the time to solidify at a given depth 
in the specimen, manifests a great many uncertainties. 
Even the propagation of a stimulus can be comparatively 
prolonged in specimens, see the 1 ms difference in elec-
trical impulse propagation times in Figure 9; the only 
real certainty is that the various freezing methods are far 
more rapid than the alternative chemical methods. 
This review described many methods for freezing 
specimens to capture dynamic cellular processes and has 
concentrated on the methodological and temporal needs 
to freeze the water in them. It must be borne in mind 
that other constituents are also of importance, particu-
larly the lipids which form a major component of mem-
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branes. Thus, the dynamic properties of lipids have also 
to be correlated with the freezing process; this point, 
and several other relevant considerations, were discussed 
by Knoll et al. (1987). Complementary discussion of 
what has been learned in particular by application of 
freeze-fracture has been given by Knoll (1994). 
The EM cryomethods described in the present work 
cannot rival the more sensitive relaxation methods which 
are used in chemistry, where the behaviour of a system 
is studied after its equilibrium is disturbed by a sudden 
change, or jump, in temperature, pressure, or electrical 
or magnetic field. Those methods normally measure 
events in microseconds (Eigen and De Maeyer, 1963) 
whereas in cryofixation the freezing process itself will 
take in the region of 250 µs (Jones, 1984). Even more 
sensitive time resolution is possible in chemistry using 
flash photolysis (Porter, 1963) and methods where irra-
diation is by laser light, then events are measured in 
picoseconds (Frisch et al., 1979; Tredwell et al., 1979). 
Although cryofixation can overcome many problems 
caused by chemical processing of specimens, it should 
be borne in mind that cryofixation is not without its own 
potential problems. Dissection of specimens can induce 
various perturbations such as osmotic disturbances, des-
sication, ionic shifts and anoxia, also there is the con-
stant struggle against ice crystal development during 
freezing (Ryan, 1992). One aspect of cryofixation that 
is sometimes overlooked is that chemical fixatives may 
still be used in freeze substitution studies, albeit under 
low temperature conditions (Van Harreveld et al., 1965; 
Steinbrecht, 1980; Humbel and Mueller, 1986). Also, 
it should not be forgotten that some processes have been 
followed through chemical fixation, such as by pulse-
chase experiment (Allen and Fok, 1980). However, 
time-resolved cryomethods in EM, using techniques de-
scribed here such as chemical or electrical stimulation, 
electrophoresis, flash photolysis of caged compounds, 
relaxation after temperature jump, and electroporation, 
offer exciting possibilities in the study of many questions 
in biochemistry and molecular biology, such as the func-
tioning of membrane pump systems (Toyoshima et al., 
1993). 
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Discussion with Reviewers 
P. Monaghan: Do you have any comments on the pos-
sibilities of ice crystal damage artefacts using the various 
freezing methods you describe? 
Authors: All freezing methods are capable of produc-
ing 'poor freezing', otherwise termed freezing damage, 
ice crystal damage or segregation artefact. Perhaps the 
methods least likely to do this are the bare grid method, 
where reactions are arranged on an EM grid which is 
plunged into liquid coolant, and the spray freezing meth-
ods. These are methods where the specimens have mini-
mal bulk, this being probably the most important factor 
in cryofixation. Jet freezing, where cell suspensions are 
housed between the grid bars of thin EM grids which 
are in tum sandwiched between copper foils and cooled 
by a double jet freezer is also now very efficient, al-
though that approach has not yet been used for time-re-
solved freezing (Pollard et al., 1990, 1993, froze a 
much larger flow cell specimen). Cryoblock, slam, 
'metal mirror' or impact freezing is perhaps the method 
of choice for tissue pieces which can be prepan~d as thin 
slices or as thin fibers because of the thermal transfer 
characteristics of the cooling block compared to plunge 
cooling in the liquid coolants, although there are defor-
mation artefact considerations which are perhaps lessen-
ed when using plunge cooling. Where cryoblock freez-
ing is done properly, the results are probably better than 
with plunge freezing when comparing similar specimens 
with regard to their composition and water concentra-
tion, although plunge freezing is probably the easier 
method to construct effectively yourself and obtain 
useable results. 
P. Monaghan: Are there any methods where freezing 
damage is particularly liable to affect the results, and 
require particular care in assessing the freezing quality? 
Authors: As mentioned above, all freezing methods can 
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produce damage when they are performed inadequately. 
Freezing damage depends primarily on specimen size, if 
specimens are too large then damage can be guaranteed. 
Any of the freezing methods described will produce 
'good' results if the specimen is suitably small, then, 
when the specimen is above the critical size, the limita-
tions of the cooling procedure become important. Cryo-
block cooling is normally unidirectional so that crystal 
damage is expected after a certain depth into the speci-
men, typically 15-20 µm, but plunge cooling can be 
multidirectional if the specimen, such as a nerve or mus-
cle preparation, is suspended between hooks or mounted 
on a thin foil support. This means that cooling in the 
center of the specimen can be better than in subsurface 
zones (Ryan, 1992); however, when the specimen is 
larger than the ideal then damage is probably worse with 
plunge cooling, especially when the less efficient liquid 
coolants are used (such as nitrogen slush, Freons, or 
alcohois). 
M. Muller: The cryoimmobilisation procedures suitable 
for time resolved studies, except the 'bare grid' ap-
proach, rarely lead to vitrification. The concentration of 
solutes between the ice crystals may have undesirable 
physiological effects that perhaps also alter ultrastruc-
ture. Can the authors comment on detection limits for 
significant structural details in crystalline samples and 
perhaps on the time constants involved in effects fol-
lowing segregation of solutes? 
Authors: If the specimen suffers very fine order crys-
tallization then there must obviously be small scale mo-
lecular alterations and clearly this must impose on bio-
chemical behaviour during a dynamic event, and there-
by, ultrastructure. It presents a form of inhibition which 
we cannot comment on regarding its correlation to bio-
chemistry. The cryopreservation literature may offer 
some information, because in that field cellular dehydra-
tion occurs by slow cooling with extracellular crystal 
growth and causes pH and ionic shifts, but this rate of 
cooling is an anathema to cryofixation. Where molecu-
lar structure forms an important aspect of an investiga-
tion, it may be advisable to work only on properly vitri-
fied specimens, where this can be confirmed by their 
characteristic electron diffraction pattern. A recent 
example of ultrastructural preservation of molecular 
structure was shown by Baatsen (1993), where a 38.5 
nm repeat structure in actin, at a depth of 10 µm in a 
specimen, was preserved after cryoblock freezing and 
freeze substitution. It could be argued, however, that 
this specimen could have suffered slight freezing damage 
which subsequently 'relaxed' late in the freeze substitu-
tion process after the water was dissolved but before the 
chemical fixation occurred; this reflects our lack of 
knowledge regarding the freeze substitution process. 
Time-resolved cryofixation methods 
L. Edelmann: Do you think that the results obtained 
with impact freezing on a LHe-cooled metal block could 
not have been obtained with an optimised freezing on a 
LN2-cooled metal block? 
Authors: Bald (1983) shows collected data for the ther-
mophysical properties of materials at different cryogenic 
temperatures. For a copper block, the thermal diffusivi-
ty (thermal conductivity/density x specific heat) at 
-269°C is 1.41 x 107 mm2/sec while at -196°C it is only 
3.29 x 102. When biological specimens contact the 
block at these temperatures, there will be a spontaneous 
jump to interface temperatures of -173°C (with LHe) 
and -186°C (with LN2); these temperatures then alter 
the thermal diffusivity to approximately 200 mm2/sec 
(with LHe) and 250 (with LNi) so that there is then an 
apparent slight disadvantage in using LHe (data derived 
from Bald's Fig. 1). This suggests that an optimised 
LN2-cooled block should cool specimens slightly better 
at this moment than a LHe-cooled block, although there 
is a complex, dynamic interplay of thermophysical char-
acteristics which vary with changing temperature during 
the cooling process, brief as it may be. Having said 
that, the practical results of Heuser et al. (1979) indi-
cated the opposite. There are also other factors in-
volved, such as the precise purity of the copper; a LHe-
cooled pure copper block might cool specimens faster 
than a LN 2-cooled block containing impurities, and there 
are further questions regarding specimen delivery such 
as speed and force and also equipment design, which af-
fect the maintenance of thermal contact between the 
block and the specimen without even momentary speci-
men bounce or recoil from the block. 
T .S. Reese: What accounts for the vast proliferation of 
freezing methods, and how does one choose the best one 
for a particular project? 
Authors: The variety of freezing methods probably re-
flects both the variety of biological questions and the 
ingenuity of the questioners, bearing in mind that many 
investigations begin as 'try-outs' and often with already 
available apparatus which can be modified to serve the 
purpose. Also, some methods such as plunge cooling 
and cryoblock cooling are obvious carry-overs from old 
light microscopy practices, e.g., the cryoblock was de-
scribed by Gersch (1932) and isopentane was used for 
plunge freezing by Hoerr (1936). Liquid air was used 
in 1943 for freezing grids bearing thin smears of axo-
plasm by Richards et al. (1943). A wide range of cool-
ants have since been tested for improved freezing for 
EM purposes which reflects the constant search for bet-
ter liquid coolants. This observation also applies to the 
variety of freezing methods generally; be they plunging, 
slamming, jetting or spraying. With regard to slam 
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Figure 22. An optical sensor triggers a frequency-dou-
bled ruby laser for photolysis of caged ATP at preselect-
ed time points (20, 50, 80, or 300 ms before freezing). 
The time interval between the pulse and freezing is 
adjusted by changing the positions of the sensor and the 
mirror. Redrawn from Hirose et al. (1993) by permis-
sion of the authors, the Biophysical Society, and 
Rockefeller University Press. 
then questions arise as to the purity of the metal and its 
thermophysical properties, its primary coolant and 
whether this may be condensed on the block surface if 
the block is immersed at some point, or whether surface 
frosting may occur prior to use, or whether a vacuum 
system to counter surface contamination is to be pre-
ferred; also the method of delivering the specimen onto 
the block, is it forceful? Does it deform items of 
interest? Where specimens are very small, such as sin-
gle cells, they can be frozen efficiently by spray freezing 
(Bachman and Schmitt, 1971); equally, they could also 
be put onto filter paper and slam or plunge frozen, or 
between metal foils and jet frozen. The choice of meth-
od depends on many factors, including the desired post-
freeze processing but perhaps principally on a combina-
tion of experimental practicability and available funding. 
R.A. Padr6n: The authors should be aware of a modi-
fication of our method for quick-freezing muscles at 
known instants during contraction with simultaneous 
recording of mechanical tension (Padron et al. 1988). 
Hirose et al. (1993) reported transient structural states 
of cross-bridges during activation of the muscle fibers by 
K.P. Ryan and G. Knoll 
activating rapidly and synchronously fibers in the rigor 
state by photolysis of caged ATP in the presence of 
Ca2+ using a ruby laser, and then, at different times 
during the switch from rigor to fully active tension de-
velopment, to rapidly freeze them against a LHe-cooled 
metal block. Using this technique, it has been reported 
that cross-bridges in actively contracting fibers stretch 
between the thick and thin filaments at a variable angle, 
and are uniformly thin; in contrast to what is observed 
with the rigor bridges, which point away from the Z-line 
and are wider near the thin filaments than near the back-
bone of the thick filaments. 
Authors: We are grateful for this information, the 
method is illustrated in Figure 22. 
R.A. Padr6n: Although, as the authors mention, cryo-
fixation can overcome many problems caused by chemi-
cal processing of specimens, and has its own potential 
problems as described in this review, it is important to 
mention that the subsequent processing of the cryofixed 
specimens, like for instance freeze substitution, could 
preserve some molecular details, but not every aspect of 
it, and perhaps only in stable structures (Padron et al., 
1993) (Authors note: see also Padron et al., 1992). 
Authors: The post-freeze processing of frozen speci-
mens is very important and is a potential source of arte-
fact. Ryan (1992) validated ice crystal cavity analyses 
by examining the effect of post-freeze processing tem-
perature, finding that rapidly frozen prefixed red blood 
cells showed development of up to 40 nm ice crystal 
cavities after 8 days storage at -40°C whereas those 
stored 8 days at -80°C did not; this was important be-
cause freeze-drying and freeze-substitution are often per-
formed at this temperature although, of course, this is 
well above the devitrification temperature and all that 
this implies regarding crystal growth in specimens with 
highly hydrated domains. Also, he investigated the rate 
of freeze-substitution, finding that 4 % uranyl acetate 
penetrated to a maximum of 320 µm after 48 hours at 
-80°C, using methanol as the solvent. This was proba-
bly an underestimate because normally osmium is used 
as the fixing agent and, being a lighter element, should 
penetrate faster, assuming that the solvent itself pene-
trates faster. There are many unknown factors in this 
area because it is not known at what stage in the process 
that proteins are actually stabilised; small crystals could 
be properly freeze-substituted but then their 'ghosts' dis-
appear because the proteins around them relax and oblit-
erate the ice crystal spaces prior to protein stabilisation 
by the chemical agents. For a survey of freeze-substitu-
tion, see Steinbrecht and Miiller (1987). 
R.A. Padr6n: A new spray-freezing technique develop-
ed by Berriman and Unwin (1994) should be mentioned 
286 
multiple exposure 
of wire attached to 
forceps taken with 
strobelight at 5 ms 
between flashes 
atomiser spray 







Figure 23. Ligand solution containing 2 mg/ml ferritin 
is sprayed with a 60 ms pulse of nitrogen at 1.6 bar as 
the blotted grid is released. This falls at approximately 
1 m/sec as it enters the ethane when d1 = 30 mm and 
d2 = 4 mm and the delay between spray impact and 
freezing is 5 ms. The marker bars are taken from a 
multi-exposure photograph taken using a strobelight at 5 
ms between flashes. A wire attached to the falling bar 
of the apparatus gives a high contrast edge and the sepa-
ration of the last two positions (arrows) is 5 mm, giving 
a velocity of 1 mm/ms (in the original photograph this 
was the velocity at the moment of entry into the cryo-
gen). Modified with permission from Berriman and 
Unwin (1994). 
which, alternatively to the photolytic release of caged 
compounds, does not require special chemicals and 
avoids any heating or photolysis of the sample. In this 
new promising method, two reactants are mixed by the 
coalescence of spray droplets containing one component 
with a thin, grid-supported aqueous film containing the 
other, then the transitional structure is trapped by ad-
justing the delay between the droplet impact and freez-
ing. This rapid spray-mix method has also been used to 
study the presteady state of myosin-Sl binding to actin 
(Walker et al., 1993). 
Authors: We are grateful for this information; the 
method is illustrated in Figure 23 in modified form from 
figures kindly supplied by the authors. 
Authors note added in proofs: During the preparation 
of this section, a report by Siegel et al. (1994) appeared 
and is mentioned here. Plunge freezing was used with 
flash tube heating to produce a temperature jump in the 
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Figure 24. Controlled environment vitrification system 
(CEVS) with a plunger device which triggers a tempera-
ture jump where the specimen temperature could rise to 
100°C from a 0.6 ms flash from a photographic flash 
tube. Redrawn from Siegel et al. (1994) by permission 
of the authors, the Biophysical Society, and Rockefeller 
University Press. 
study of fast transitions between the lamellar and invert-
ed hexagonal phases in the topology of lipid/water inter-
faces (Fig. 24). Suspensions were applied to grids and 
plunged at about 3.5 mis into liquid ethane. A photo-
graphic flash tube emitted a brilliant flash when the 
specimen was in the correct position. The flash was 0.6 
ms in duration and potentially harmful wavelengths be-
low 335 nm were filtered out. The 'flash-to-splash' time 
in cryogen was typically 9.2 ms. The estimated peak 
temperature was 96-100°C, and the temperature at cryo-
gen encounter had fallen to 68-84 °C. Results were pre-
sented from a range of lipids and were more compatible 
with a transition mechanism based on 'stalk' intermedi-
ates than on inverted micellar intermediates. It was con-
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Figure 25. Time course of the exo/endocytic membrane 
fusion cycle during trichocyst discharge in Paramecium 
cells as revealed by freeze-fracture. The plasma mem-
brane at rest before membrane fusion displays a charac-
teristic morphology easily distinguishable from the situa-
tion after resealing of the transiently fused membranes. 
During the time plasma membrane and trichocyst mem-
brane are fused in order to release the secretory content, 
exocytotic openings are visible. Redrawn from Knoll et 
al. (1991) by permission of Rockefeller University 
Press. 
dynamics in biomembranes, large protein complexes and 
other colloidal dispersions. 
M. Muller: It would be helpful to the reader if the 
authors could present an illustration in this paper of the 
temporal resolution which is possible with time-resolved 
freezing. 
Authors: Muller et al. (1987) electrically stimulated 
10-20 pieces of Torpedo electrogenic tissue arranged on 
a holder in a sequence at 1 ms intervals as they plunged 
into a coolant. Stimulus timing was evaluated by corre-
lation with a simultaneous thermal record which indi-
cated contact time with the coolant. The tissue was not 
treated with 4-aminopyridine to potentiate transmitter re-
lease. Results showed that about I ms after stimulation, 
the density of intra-membranous particles approximately 
doubled on both faces of freeze-fractured presynaptic 
plasma membrane. This effect lasted between 2 and 3 
ms only. This is perhaps the highest temporal resolution 
illustrated at present. Figure 25 illustrates the first and 
currently only full description of a total exo/endocytotic 
membrane fusion cycle examined by time-resolved cryo-
fixation. The discrimination of events is at 0.1 s inter-
vals and the total sequence of six stages covers a 1.2 
second time span. 
K.P. Ryan and G. Knoll 
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